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Abstract 
 
The coastal wetland ecosystems are the critical ecological infrastructure and have a close relation to coastal sustainability. 
Rapid urbanization lead to a big demand of coastal reclamation in China thereafter caused the loss and degradation of 
coastal wetlands. In this study, we presented modified model suitable for quantifying ecosystem service values of different 
coastal system subtypes and assessing their loss due to coastal reclamations with a case of coastal agriculture-dominated 
city of Eastern China (Lianyungang). We focused on four major agriculture-related ecosystem services as follows: food 
production, raw material supply, disturbance regulation, and water purification. The results showed that: 32,346 ha of loss 
in coastal wetlands resulted in US$ 806 million year−1 loss in ecosystem service. The modified ecosystem service valuing 
models enable achieving categorized management of coastal ecological infrastructures. Furthermore, this study showed 
how to integrate the ecosystem service estimate into assessment, management, planning, restoration, and compensations of 
coastal ecological infrastructures. 
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The ecological infrastructure is termed as the natural, human-modified and artificial networks of multifunctional 
ecosystems (Hansen and Pauleit, 2014, Kopperoinen et al., 2014, Lovell and Taylor, 2013). Ecological infrastructure 
covers a wide range of natural ecosystems, but here we mainly focused on coastal wetland ecosystem, which is one of the 
most productive natural ecological infrastructures in the world and has a close relation to coastal sustainability (Grier et al., 
2015). 
 
Coastal wetland ecosystems provide half of the world's population living within 100 km of the coast with 
disproportionately goods and services relating to human well-being (Barbier et al., 2008, MEA, 2005, Turner et al., 2000, 
Woodward and Wui, 2001). Unfortunately, over the past few decades, under the pressure of rapid urbanization and 
growing population, coastal reclamations (meaning coastal wetland ecosystems converted for human uses) has induced the 
physical and bio-chemical changes in coastal wetland ecosystems, and significantly affected their sustainable provisions of 
ecosystem service (Bateman et al., 2011; Dobson et al., 2006, Halpern et al., 2008, Zedler and Kercher, 2005). China is 
also undergoing increasingly intense coastal reclamations (Li et al., 2012, Peng et al., 2005), and thereby faces up ‘terrible’ 
state of its coastal ecosystems (Qiu, 2012). 
 
Since there has been significant progress in ecosystem service valuation approaches (Barbier et al., 2011, Costanza et al., 
1997, Costanza et al., 2014, Bateman et al., 2011, Li et al., 2014, MEA, 2005, Turner and Daily, 2008), one of the focuses 
in ecological infrastructure research is to assess the ecological infrastructure from an ecosystem service point of view 
(Andersson et al., 2014, Demuzere et al., 2014, Kopperoinen et al., 2014, Kousky et al., 2013, Li et al., 2012, Li et al., 
2014, Mitsova et al., 2011, Pizzol et al., 2015, Pugh et al., 2012, Schäffler and Swilling, 2013, Tzoulas et al., 2007,  
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Vandermeulen et al., 2011). Currently, there were many researches
concerning about valuing of coastal wetland ecosystem, and its loss
resulting from coastal developments by using coefficient method,
contingent valuation, hedonic valuation, and travel cost methods
(Lange and Jiddawi, 2009; Wang et al., 2010; Weber et al., 2006;
Wendel et al., 2011; Zhao et al., 2004). Despite these progresses,
however, the studies on the integration of valuation of ecosystem
services into decision making of treating the tradeoffs between
development and coastal ecological infrastructures should be
strengthened. Besides, it is in urgent need of modifying the models
of valuing ecosystem service to make it suitable for assessing and
managingmore detailed coastal wetland subtypes. In this study, we
tried to address this gap in the literatures of ecological
infrastructure.
The objectives of this paper are: (1) to present a modified model
suitable for quantifying agriculture-related ecosystem service
values of different coastal system subtypes and assessing their loss
due to coastal reclamations with a case of coastal agriculture-
dominated city of Eastern China (Lianyungang City); (2) to show
the advantages of this proposed modified model used for catego-
rized management of coastal natural ecological infrastructure,
which is one major contribution of this study; (3) to show the
application of ecosystem service valuing into the tradeoffs between
urban development and ecological conservations and to suggest
the combination of ecosystem service valuing and coastal restora-
tion & compensations.
Lianyungang was selected as our study area because of its
representativeness. On one hand, low-salinity warm sea water and
high-salinity cold sea water mixing in this area provides marine life
with plentiful of nutrients. Meanwhile, the diverse coastal wetland
ecosystem in this area provide habitat that is mostly inaccessible to
large fishes, thus providing protection and shelter for the increased
growth and survival of young fishes, shrimp, and shellfish. The
abundance in marine life is rich and this study area is ranked as one
of eight China's best-known marine fishing grounds. On other
hand, Lianyungang is one of the first 14 Chinese coastal cities
opened to the outside world in 1984 and is widely known as the
Eastern Terminal of the New Eurasia Land Bridge (ETNELB). Over
the past decade, Lianyungang has experienced tremendous sea
reclamations resulting in a large-scale modification of the coastal
natural and semi-natural wetland ecosystems. The city has been
ranked high among sprawl-threatened coastal areas over the last
ten years in China (Li et al., 2010). According to the new round of
urban master planning of Lianyungang, there will be more sea
reclamation projects in purpose of providing lands for port devel-
opment. This impulse of development has posed great threat to
coastal wetland ecosystem, thus made the contradiction between
port-based development and coastal agriculture economy more
intense. Therefore, Lianyungang city was the typical case for
addressing the issue raised in this paper. This was why we focused
on agriculture-related ecosystem services rather than others.
2. Study area
Lianyungang is the northernmost coastal city of Jiangsu Prov-
ince, eastern China (Fig. 1). The annual growth rates in GDP and in
urban population are two keynote indicators for measuring
development. According to China City Statistics Yearbooks, these
two indicators were classified into five categories by using natural
break method: negative growth, slow growth, normal growth,
rapid growth, and ultra-high speed growth. The annual GDP growth
rate in Lianyungang accelerated to 14.76% in 2004e2010 at an ultra-
high speed from 6.57% in 1997e2003. Meanwhile, the city also
experienced continuous growth in urban population at an ultra-
high speed over the 2004e2010 period. Moreover, it witnessed
significant growth of built-up areas in recent years. Therefore, it is
one of the most rapidly developing regions in China over the past
five years. It occupies an area of 9205.4 km2, of which 1759.4 km2
are covered in water, and has a population of 4.4 million in 2010.
Haizhou Bay, one of the eight China's best-known fishing grounds,
is located in this study area; which is rich in mackerel, belt fish,
prawn, swimming crab, etc. In Lianyungang, fishing and harvesting
of aquatic plants such as kelp and laver from Haizhou Bay and
aquaculture ponds in the intertidal mud flats spread along the
coastline are significant sources of subsistence and income for local
communities. Capture fisheries and aquaculture in coastal waters
accounted for 14% of the total agricultural production. There are a
diverse coastal wetland types in Lianyungang composing of: Salt
Pans, Aquaculture Ponds (within either intertidal zone or inshore
waters), Permanent Shallow Marine Waters, Intertidal Mud, Estu-
arine Waters, Spartina Anglica-Covered Salt Marsh and Spartina
Alterniflora-Covered Salt Marsh. Since the beginning of the 21st
Century, its total built-up area has increased by 173.75% with an
annual growth rate of 9.64% (Li et al., 2010; Sun et al., 2012). Over
the past ten years, reclaiming land from the coastal wetland has
become a favourite approach to ease the problem of land shortage
in this study area. Table 1 summarized the main seven coastal
reclamation projects (or areas) in this study area. On the one hand,
port authorities keen to rapid port and port-based industry
development. On the other hand, the agriculture administrators are
strongly against these developments and tend to protect the coastal
wetland as they are. The contradictions between port authorities
and agriculture administrators become increasingly intense.
3. Materials and methods
3.1. Data preparation for characterizing the spatial distribution of
coastal wetlands and monitoring coastal reclamations
In this study, we used two scenes of Landsat TM remote sensing
image derived in September 2000 and March 2011 respectively to
quantify the spatioetemporal changes in coastal wetland ecosys-
tems. Prior to 2000, little sea reclamation activities was witnessed,
whereas during the period of 2000e2011, Lianyungang govern-
ment implemented an urban expansion plan and a large amount of
coastal wetland were converted to construction land. The year of
2000meant the ecological baseline of coastal wetland ecosystem in
Lianyungang, while the year of 2011 meant a period of intense sea
reclamations ended. Each TM image was corrected and geo-
referenced to the WGS 84 datum and UTM Zone 50 North coordi-
nate system based on 1:50,000 scale topographic maps. Seven
coastal wetland system subtypes (including salt pans, aquaculture
ponds, permanent shallow marine waters, intertidal mud, estua-
rine waters, spartina anglica-covered salt marsh and spartina
alterniflora-covered salt marsh), construction land, and agricultural
land were identified by spectral feature analysis and expert clas-
sification. The high-resolution remote sensing data obtained from
googleearth were used for verification and accuracy assessment.
For 2000, 2011, the overall accuracies were 93.6% and 93.4% while
Kappa statistics were 92.1% and 92.2%, respectively. User and pro-
ducer accuracies of individual classes were consistently high,
ranging from 81% to 98%.
3.2. Selection of agriculture-related ecosystem services for
calculation
Lianyungang is a coastal agriculture-dominated city. Over the
past ten years, the contradictions between port authorities and
agriculture administrators become increasingly intense. This paper
adopted the framework of the MEA (2005) as a baseline for the
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classification of coastal ecosystem services. Here in this study, we
focused on four major agriculture-related ecosystem services as
follows: food production, raw material supply, disturbance regu-
lation, and water purification, while the aesthetic value and other
values were ignored. We chose agriculture-related ecosystem ser-
vices for two reasons. One is because the capture fisheries and
aquaculture account for a dominating part of coastal economy in
Lianyungang City but coastal tourism only occupies a small part.
Two is because the contradictions between port authorities and
agriculture administrators become increasingly intense. Port au-
thorities have high motivation on more coastal wetland converted
for port development uses, whereas the agriculture administrators
intended to protect the coastal wetlands to maintain the
agriculture-relative ecosystem services as usual. Table 2 summa-
rized the relative ecosystem services provided by different coastal
system subtypes. Table 2 showed that all of seven coastal wetland
Fig. 1. Study area.
Table 1
Summary of main coastal reclamation projects in Lianyungang.
Location Project Id Project name Planned function Boundary
Ganyu County A Zhewang Tidal Flats Reclamation
Project
Depots, docks, and port-based
industries
Xiuzhen River estuary-Zhewang River estuary
B Eastern Tidal Flats Reclamation
Project
Development of marine industry
like efficient fish farming
Xingzhuang River estuary e Linhong River estuary
Lianyun District C Lianyungang New City Tidal Flats
Reclamation Project
Building of Lianyungang New CBD
and ecological landscape
Linhong River estuary e Xishu
D Main Port Area Reclamation
Project
Port development and Port-based
development
Xishu-Gaogong Island
E Xuwei New Area Reclamation
Project
Port development and Port-based
development
Xiaodinggang-Leizikou in the south
Guanyun County F Yanweigang Port Reclamation
Project
Port development and Port-based
development
Tiansheng Port-Guanhe River estuary
G Liezikou Reclamation
Project
Aquaculture in short term and then
for the port construction in a
long term
Leizi River estuary e Liuweizha
Source: Lianyungang City Government, 2008. Lianyungang Port Development Planning in 2008e2020.
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system subtypes provided food production service. The wetlands
with raw material production value in Lianyungang involve salt
pans, spartina anglica-covered salt marsh and spartina alterniflora-
covered salt marsh. The wetlands with disturbance regulation value
in Lianyungang involve spartina anglica-covered salt marsh and
spartina alterniflora-covered salt marsh. The wetlands with pollu-
tion control value in Lianyungang involve permanent shallow ma-
rine waters, intertidal mud (without any plant covered), spartina
anglica-covered salt marsh and spartina alterniflora-covered salt
marsh.
3.3. Accounting method of ecosystem service value
3.3.1. Food supply
Coastal wetlands provide habitat that is mostly inaccessible to
large fishes, thus providing protection and shelter for the increased
growth and survival of young fishes, shrimp, and shellfish (Barbier
et al., 2008; Lange and Jiddawi, 2009; Turner et al., 2000). Under
the increasing pressure of human activities, coastal reclamation
destroys the nursery and refuge areas of coastal species and reduces
the seafood delivery to coastal residents (Beaumont et al., 2008;
Engle, 2011). Since seafood is often sold on the market, the po-
tential food supply value can be estimated through introducing
primary production and should be treated differently for different
ecosystem subtypes as follows:
where ESVfs i is the value of food supply brought by a specific
coastal wetland ecosystem at a given location i (10,000 USD$
per year); PUAyieldj is per unit area yield of the jth species raised in a
specific aquaculture pond (kg/m2). For Lianyungang, the raised
species mainly includes shellfish and laver. The per unit area yield
of shellfish and laver are 0.08315 kg/m2 and 0.07586 kg/m2,
respectively; m is the total number of species raised in a specific
aquaculture pond; Pricej is themarket price of the jth species (USD$/
kg). According to Jiangsu Province aquatic market information
analysis system Website (http://www.jsof.gov.cn/jsof/sites/), the
market average price of shellfish and laver are $3.81/kg and $6.35/
kg, respectively; PP is the primary productivity (calculated on car-
bon) (g$C/m2/year), which is derived from MODIS remote sensing
and SeaWiFS data, and meanwhile applying C-Fix model
(Veroustraete et al., 2002) for terrestrial primary productivity
estimation and employing VGPMmodel (Behrenfeld and Falkowski,
1997) for sea primary productivity estimation in this study; CR is
the conversion rate of primary productivity into mollusks (%). Ac-
cording to Tait's analysis of the energy flow in permanent shallow
sea waters ecosystem (Tait, 1981), 10% of primary productivity
could convert into mollusks, which is taken in this study; COM is
the content of carbon in shellfish products (%). The result of Lu et al.
(1999) showed that, the content of carbon in shellfish was 8.33%,
which is taken in this study; RW is the ratio of shellfish weight to
mollusk weight (through this coefficient, mollusk weight can be
converted to shellfish weight). The ratio between shellfish weight
and average soft tissue weight was 5.52 (Lu et al., 1999), which is
taken in this study; Priceshellfish is the average market price of
shellfish products (USD$/kg) over the period of 2000e2011. Ac-
cording to the data from Jiangsu Ocean and Fishery Bureau, the
price of shellfish ranges from $0.00254 to 0.00429/g. We adopted
the middle price $0.00381/g for this study; a is the average profit
rate of shellfish products, here 25% is taken. Si is the area of a
specific coastal wetland ecosystem at a given location (10,000 m2).
The wetlands with food supply value in Lianyungang involve per-
manent shallow marine waters, estuarine waters, intertidal mud,
spartina anglica-covered salt marsh and spartina alterniflora-
covered salt marsh.
3.3.2. Raw material supply
Raw material such as sea salt, construction material, fuel, skin,
and fertilizers is another critical production for humans (R€onnb€ack
et al., 2007). Since raw material also can be sold on the market like
food, its value can be computed by market prices (Costanza et al.,
1997; MEA, 2005). The wetlands with raw material production
Table 2
The relative ecosystem services provided by different coastal system subtypes.
Wetland types Ecosystem services
Food production Raw material supply Disturbance regulation Water purification
1 Salt pans √
2 Aquaculture ponds √
3 Permanent shallow marine waters √ √
4 Intertidal mud √ √
5 Estuarine waters √
6 Spartina anglica-covered salt marsh √ √ √ √
7 Spartina alterniflora-covered salt marsh √ √ √ √
Notes: (1) √ indicates that the service should be considered to be calculated; Blank cells indicate that the service is not considered applicable to the wetland type. (2) Lia-
nyungang is a coastal agriculture-dominated city. Over the past ten years, the contradictions between port authorities and agriculture administrators become increasingly
intense. This was why we focused on agriculture-related ecosystem services rather than others. This paper adopted the framework of the MEA (2005) as a baseline for the
classification of coastal ecosystem services. Food production, raw material supply, disturbance regulation, and water purification were included in the framework of MEA and
deemed as agriculture-related. Why these four categories of ecosystem service were deemed as agriculture-related was further explained in Section 3.2 and Section 3.3.
ESVfs i ¼
8>>><
>>>:
Pm
j
Si PUAyieldj Price a if ecosystem is aquaculture pond
0 if ecosystem is salt pan
PP  CR
COM
 RW  Priceshellfish  a Si if ecosystem is others
(1)
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value in Lianyungang involve salt pans, spartina anglica-covered
salt marsh and spartina alterniflora-covered salt marsh.
For the salt pans, spartina anglica-covered salt marsh and spar-
tina alterniflora-covered salt marsh, the production and service
values of raw material can be estimated as
ESVrm i ¼
Xn
k
Totaloutputki  a ¼
Xn
k
Pricek  PUAyieldk  Si
(2)
where ESVrm i is the value of raw material supply brought by a
specific coastal wetland ecosystem at a given location i
(10,000 USD$ per year); Totaloutputki is total economic output of
selling the kth harvested raw material at a given location i
(10,000 US$ per year). PUAyieldk is per unit area yield of the kth raw
material harvested in a specific coastal wetland ecosystem (kg/
hm2). For Lianyungang, the harvested rawmaterial mainly includes
sea salt and sparina; n is the total number of rawmaterial harvested
in a specific coastal wetland ecosystem at a given location i, and in
Lianyungang case, n ¼ 2; Pricek is the market price of the kth har-
vested rawmaterial (USD$/kg); a is the average profit rate of coastal
fishery industry (%), for Lianyungang, a is assumed to be 25%.
Salt pans produce crude salt. There are three main salt fields in
Lianyungang: Taipei Salt Field, Xuwei Salt Field, and Guanxi Salt
Field. According to Jinshan Salt Bridge Chemical Website, the out-
puts of crude salt in Taipei Salt Field, Xu wei Salt Field, and Guan xi
Salt Field are 200,000 tons/year, 300,000 tons/year, and 1 million
tons/year, respectively. With reference to the data from Crude Salt
Industry Network Website (http://salt.100ppi.com/), price of crude
salt ranges from $59.37/ton to $63.17/ton, and here we used the
average $61.27/ton.
Spartina alterniflora and spartina anglica are the dominants in
the salt marsh. These two vegetations are commonly used for
fodder. By interpreting Lansat TM remote sensing image, the spatial
distribution of spartina anglica-covered salt marsh and spartina
alterniflora-covered salt marsh were identified and their areas were
calculated. Per unit area green manure (refer to spartina alterniflora
and spartina anglica) value is $0.0102/m2 (Li, 2011).
3.3.3. Disturbance regulation
For coastal agriculture, the disturbance regulation service
mainly relates to protecting coastal aquacultures from being
affected by wave impacts, storm surges, and others. Natural or
semi-natural coastal wetlands such as spartina anglica-covered salt
marsh and spartina alterniflora-covered salt marsh absorbs wave
energy, reduces wave amplitude, and slows the forward motion of
surge (Costanza et al., 2008; Koch et al., 2009) and are commonly
assumed to be effective in providing the same disturbance regu-
lation as artificial shore protection embankment. Therefore, the
value of disturbance regulation from coastal wetland ecosystem is
estimated by using replacement cost method as
ESVdr i ¼
Costbreakwaters  ð1þ b TimelifeÞ  Lengthi
Timelife

10000
(3)
where ESVdr i is the value of disturbance regulation brought by a
specific coastal wetland ecosystem at a given location i
(10,000 USD$ per year); Costbreakwaters is the construction cost of per
length breakwater or seawall (USD$/km), $317,460/km is adopted
in this study; Lengthi is the total length of the coastal line occupied
by a specific coastal wetland ecosystem at location i (km); Timelife
is the project service life (year), 50 years is taken in this study; b is
the proportion of annual maintenance cost in total breakwater or
seawall construction cost, 2% is adopted in this study. The wetlands
with disturbance regulation value in Lianyungang involve spartina
anglica-covered salt marsh and spartina alterniflora-covered salt
marsh.
3.3.4. Pollution control
Wetlands provide an important service by treating and detoxi-
fying a variety of waste products such as nitrate, metals and many
organic compounds. Compared with water before entering the
wetland, water flowing through a plant-covered wetland area may
be considerably cleaner depending on the joint action of plants' and
sediments' absorption as well as the microbial decomposition. In
addition, as for permanent shallowmarine waters (a type of coastal
wetland), concentration of the pollutants in coastal waters can also
be gradually decreasing by the diffusion and transport of tidal
waves (MEA, 2005). The pollution state in coastal waters is closely
related to biodiversity, species abundance, and fishery production.
Shadow project approach is adopted to calculate the value of waste
treatment provided by coastal wetland ecosystems (Chen et al.,
2009). The wetlands with pollution control value in Lianyungang
involve permanent shallowmarine waters, intertidal mud (without
any plant covered), spartina anglica-covered salt marsh and spartina
alterniflora-covered salt marsh.
As for intertidal mud, spartina anglica-covered salt marsh and
spartina alterniflora-covered salt marsh, pollution control value is
calculated by:
ESVpc i ¼ Si  ðQN  CostN þ QP  CostPÞ (4)
where ESVpc is the value of disturbance regulation brought by a
specific coastal wetland ecosystem at a given location i
(10,000 USD$ per year); QN and QP are the amount of N and P
removed by per unit area of wetland (kg/hm2). Ou et al. (2006) have
conducted a research regarding investigation of the retention effect
of wetland for nitrogen and phosphorus nutrients in the coastal
zone of Yancheng City, China. They found that the retention effect of
phragmites australis, artemisia schrenkiana, spartina alterniflora and
intertidal mud for TN is 3 g/m2, 0.9965 g/m2, 22.0660 g/m2 and
0.0385 g/m2 respectively every year, while the retention effect of
phragmites australis, artemisia schrenkiana, spartina alterniflora and
intertidal mud for TP is 0.1 g/m2, 0.047 g/m2, 3.6754 g/m2 and
0.0042 g/m2 respectively every year. In this study, we adopted the
results of Ou et al. (2006); CostN and CostP are the cost to remove
nitrogen and phosphorus, and the treatment costs from sewage
disposal plants of Lianyungang are taken as reference.
As for the permanent shallow marine waters, coastal reclama-
tion reduce the marine environmental capacity and the calculation
approach is different from the above as follows:
ESVpollution control i ¼
0
@X3
j¼1
Costj  Vi Mj  365þ
X3
j¼1
Costj
 CDji  Vi 
24
t
 365
1
A,10000
(5)
where Mj is the average biodegradation ability of jth pollutant (TN,
TP, and COD) in per unit volume water (g m3 d1), 0.15 is taken for
the three concerned pollutants in this study;Vi is the sea volume
(counting from the low tide line) for the specific permanent
shallow marine waters patch at a given location i (m3); costj is the
cost to remove the jth pollutant (USD$/g). The costs to treat COD, N,
and P were taken as 1.1  104, 0.0054, and 0.0437, respectively
according to the treatment costs from sewage disposal plants of
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Lianyungang; CDji is the concentration difference of jth pollutant
between high tide and low tide for the specific permanent shallow
marine waters patch at a given location i (mg/L) (data from envi-
ronmental simulation); t is the period of a tidal cycle (h), 24.50 is
adopted in this study.
3.3.5. Total ecosystem service value and discount
Total ecosystem service valuewas finally calculated by summing
up all of the aforementioned five individual ecosystem services as
follows:
ESVtotal i ¼
X5
j¼1
ESVji (6)
where ESVtotal is the total ecosystem service value brought by a
specific coastal wetland ecosystem at a given location i
(10,000 USD$ per year), while ESVji is the jth individual ecosystem
service brought by a specific coastal wetland ecosystem at a given
location i (10,000 USD$ per year).
Since the losses resulting from coastal reclamation projects are
permanent, the present value of discounted total (lump sum) loss
over an infinite horizon is as follow:
TESVi ¼
ESVtotal i
r
(7)
Where r is the discount rate. We do this by discounting the future
values into present values with a discount rate of 4%. 4% is referred
to the average interest rates of time deposits in China.
4. Results and discussions
4.1. The agriculture-related ecosystem service losses due to coastal
reclamations
The distribution of seven types of coastal wetlands in Lia-
nyungang in 2000 was shown in Fig. 2. As shown in Table 3, Over
the period 2000e2010, 22% (32,346.61 ha) of the total coastal
Fig. 2. The distribution of coastal wetlands in Lianyungang in 2000.
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wetlands have been converted to construction uses (e.g., port ex-
pansions, new CBD). In detail, salt pans, aquaculture ponds, per-
manent shallow marine waters, intertidal mud accounted for
35.87%, 13.47%, 34.21%, and 16.02% of the conversions respectively.
The most affected category was intertidal mud, followed by salt
pans and aquaculture ponds. The losses of area of coastal wetland
ecosystem associated with different coastal reclamation projects
were presented in Table 4 and shown in Fig. 3. The losses of coastal
agriculture-related ecosystem services caused by the seven coastal
reclamation projects were shown in Table 5 and Fig. 4. In total,
32,346.61 ha of loss in coastal wetlands resulted in US$
806.41 million year1 loss in ecosystem service. The biggest three
losses in area of coastal wetland were: Zhewang Tidal Flats Recla-
mation Project, Lianyungang New City Tidal Flats Reclamation
Project, and Xuwei New Area Reclamation Project; however, the
biggest three losses in total agriculture-related ecosystem service of
coastal wetland were Zhewang Tidal Flats Reclamation Project,
Xuwei New Area Reclamation Project, Main Port Area Reclamation
Project. The sequence of loss in area was different from that in
ecosystem service. Actually, the unit value of ecosystem service
varied among different coastal wetland subtypes and the unit value
for a given subtype varied at different location, which attributed to
the difference in sequence. We need more categorized manage-
ment of coastal wetland ecosystem.
4.2. Integrating the ecosystem service estimate into coastal
infrastructure management
Tradeoffs between development and conservation of ecosystem
services have been always thorny problems for decision makers
(Carre~no et al., 2012). Monetary valuation makes more sense if
there is a cost-benefit analysis involved. The decision makers
should compare the value of the degraded ecosystem (cost) with
the benefit of coastal reclamation. It is feasible only if the total
benefit of an additional unit of coastal reclamation is higher than
the agriculture-related costs associated with the loss of the
Fig. 3. The spatioetemporal changes in coastal wetland ecosystems due to coastal reclamation between 2000 and 2010.
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ecosystem services in the agriculture-dominating areas like Lia-
nyungang (i.e. the total loss discounted over an infinite horizon in
the last column of Table 5).
According to the China Measures for Imposing User Fee for Utili-
zation of Sea Areas promulgated in 2007, the sea users should pay
the rent for a fixed contract years (called ‘once-off user fee’). The
once-off user fee is used for restoring the degraded wetland eco-
systems and reconstructing coastal ecological infrastructure in
other places. The once-off user fee ranges from US$48,000 to
286,000 per hectare according to different locations with fixed
Fig. 4. Agriculture-related ecosystem service loss due to coastal reclamation between 2000 and 2010.
Table 3
Temporal changes in area of coastal wetland ecosystems.
Wetland types Area (ha) in
2000
Proportions of
area (%) in 2000
Reclamation area (ha)
between 2000 and 2010
Shares of losses (%) between 2000 and 2010 Decrease rate (%)
1 Salt pans 31,480.88 21.69 11,601.21 35.87 36.85
2 Aquaculture ponds 22,196.77 15.29 4357.24 13.47 19.63
3 Permanent shallow marine
waters
76,931.44 53.00 11,065.41 34.21 14.38
4 Intertidal mud 6601.00 3.22 5180.40 16.02 78.48
5 Estuarine waters 4671.76 4.55 0.00 0.00 0.00
6 Spartina anglica-covered
salt marsh
2372.19 1.63 93.49 0.29 3.94
7 Spartina alterniflora-covered
salt marsh
888.57 0.61 48.86 0.15 5.50
Total 145,142.61 100.00 32,346.61 100.00 22.29
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standard rate for a specific city. We argued that the standard of
once-off user fee should be adjusted by referring to the loss esti-
mate of coastal wetland ecosystem service.
In this study, Table 5 showed that food provision loss accounted
for average 40% of the total loss in ecosystem services. Two feasible
approaches for restoring the degraded wetland ecosystems are
implementing artificial reef deployment and releasing fish fry in
artificial reef areas to enhance fisheries resources. Lianyungang City
has been listed in the three demonstrative areas for implementing
policy of coastal ecological compensation. Over the past four years,
Lianyungang government has invested 0.2 billion Yuan derived
from once-off user fee in coastal ecological compensation. Espe-
cially in 2013, Lianyungang government invested 10million Yuan in
implementing 5570 artificial reef deployments covering a total area
of 22.5 km2 artificial reef sea areas. Meanwhile, Lianyungang gov-
ernment has released numbers of fish fries in artificial reef areas
according to calculation of the food provision service loss. In order
to compensate the area loss of the natural coastal wetland
ecosystem, Lianyungang government also implemented a project
for reconstruct a 116.15 km2 of coastal wetland park near the Lin-
hong River estuary with the goal of maintaining the quantity and
quality of coastal ecological infrastructures.
Local governments in China tend to build grew infrastructure
(seawalls, levees, bulkheads, etc.) to protect the people living along
the coastline and the coastal fisheries against storm and coastal
flooding. Actually, there are mountains of evidences that coastal
natural infrastructure (such as salt marsh and mangrove) also can
play the role as coastal grew infrastructures. When combining
natural and built infrastructure (‘‘hybrid’’ approaches), the hybrid
approaches can enhance coastal resilience by providing important
storm and coastal flooding protection, while also providing other
benefits (Grier et al., 2015). This synergistic effect by applying the
hybrid approach can be further proved in the case of Lianyungang.
In Lianyungang, coastal fisheries are distributed and a sea wall is
built along the whole coastline. In the northern and middle part,
besides the sea wall, there are covered by Spartina anglica-covered
salt marsh or Spartina alterniflora-covered salt marshwithin a given
distance from the coastline. There were records on reporting the
loss of coastal fisheries affected by a storm surge happened in 1992.
According to the statistics, the loss of coastal fisheries in northern
part was less than that in the southern part of coastline in Lia-
nyungang. It is in need of incorporating the natural coastal wetland
ecosystem into the disturbance control systems.
4.3. The modified ecosystem service valuing models help achieving
categorized management of coastal ecological infrastructures
Coastal wetland ecosystem can be subdivided into estuaries,
marshes, salt ponds, lagoons, mangroves, intertidal habitats and
other coastal system subtypes. Different subtypes have different
unit value of ecosystem service. Evenwithin the same eco-subtype,
the unit value may vary with different space and time (Costanza
et al., 1997, 2014). In this study, we presented a more detailed
quantified ecosystem service valuing model considering different
coastal wetland ecosystem subtypes and spatial locations, which
have not been fully addressed by the existing literatures. For
example, when calculating food supply service, the valuing model
should be different depending on the subtypes. For most of
the coastal wetland subtypes, the food supply service can be esti-
mated by calculating the primary production, whereas because the
aquaculture ponds are managed with dominating manual inter-
vention such as high intensive feeding, the food supply service of
aquaculture pond will be underestimated by only considering the
primary production; therefore the model for estimating food
Table 4
Losses of area of coastal wetland ecosystem associated with different coastal reclamation projects (ha).
Salt pans Aquaculture
ponds
Permanent shallow
marine waters
Intertidal
mud
Estuarine
waters
Spartina anglica-covered
salt marsh
Spartina alterniflora-covered
salt marsh
Total
Zhewang Tidal Flats Reclamation
Project
0.00 2553.37 8929.75 2339.83 0.00 49.57 0.00 13,872.52
Eastern Tidal Flats Reclamation
Project
0.00 1255.17 0.00 428.38 0.00 43.92 0.00 1727.48
Lianyungang New City Tidal Flats
Reclamation Project
4412.62 473.60 0.00 2196.06 0.00 0.00 48.86 7131.15
Main Port Area Reclamation
Project
0.00 0.00 1228.01 0.00 0.00 0.00 0.00 1228.01
Xuwei New Area Reclamation
Project
2414.42 0.00 907.65 216.12 0.00 0.00 0.00 3538.20
Yanweigang Port Reclamation
Project
1519.44 0.00 0.00 0.00 0.00 0.00 0.00 1519.44
Liezikou Reclamation Project 3254.72 75.09 0.00 0.00 0.00 0.00 0.00 3329.81
Total 11,601.20 4357.23 11,065.41 5180.39 0.00 93.49 48.86 32,346.61
Table 5
Losses of coastal wetland agriculture-related ecosystem services associated with different coastal reclamation projects (10,000 US$ yr1).
Project name ESV_fs ESV_RM ESV_DR ESV_PC ESV_TOTAL ESV_TOTAL discounted over an infinite horizon
Zhewang Tidal Flats Reclamation Project 24,986.21 0.13 3.08 35,724.54 60,713.95 1,349,198.89
Eastern Tidal Flats Reclamation Project 685.17 0.11 2.63 12.46 700.36 15,563.56
Lianyungang New City Tidal Flats Reclamation Project 3142.44 832.50 2.56 14.53 3992.03 88,711.78
Main Port Area Reclamation Project 24 0.00 0.00 4099.08 4123.08 91,624.00
Xuwei New Area Reclamation Project 6239.67 303.23 0.00 1766.58 8309.49 184,655.33
Yanweigang Port Reclamation Project 0.00 899.54 0.00 0.00 899.54 19,989.78
Liezikou Reclamation Project 0.00 1926.86 0.00 0.00 1926.86 42,819.11
Total 35,053.50 3962.37 8.26 41,617.19 80,641.31 1,792,029.11
Note: ESV_fs indicated the ecosystem service value of food supply; ESV_RM indicated the ecosystem service value of raw material supply; ESV_DR indicated the ecosystem
service value of disturbance regulation; ESV_PC indicated the ecosystem service value of pollution control; ESV_TOTAL indicated the total agriculture-related ecosystem
service value.
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supply service of aquaculture pond should be different. Another
example is the pollution control service. If the ecosystem subtype
is permanent shallow marine water, the pollution control service
delivered by shallow marine waters will be estimated by
comprising two processes: biodegradation and dilution. However,
if the ecosystem subtype is spartina anglica-covered salt marsh and
spartina alterniflora-covered salt marsh, the model will be totally
different.
Table 6
Summary of minimum, maximum, and average value of annual agriculture-related ecosystem service per ha in the case of Lianyungang (US$ ha1 yr1).
Coastal wetland types ESV per ha, minimum ~ maximum (average)
ESV_fs per ha ESV_RM per ha ESV_DR per ha ESV_PC per ha ESV_TOTAL per ha
1 Salt pans 0e0 (0) 209e1480 (465) 0e0 (0) 0e0 (0) 209e1480 (465)
2 Aquaculture ponds 0e79,778 (22,519) 0e0 (0) 0e0 (0) 0e51,320 (8519) 792e128,267 (31,952)
3 Permanent shallow marine waters 0e67,232 (31,117) 0e0 (0) 0e0 (0) 27,460e46,844 (37,224) 27,659e114,274 (68,540)
4 Intertidal mud 1208e33,900 (6211) 0e0 (0) 0e0 (0) 4e4 (4) 1212e33,904 (6215)
5 Estuarine waters 26,119e67,232 (37,332) 0e0 (0) 0e0 (0) 0e57,614 (13,292) 26,318e84,178 (50,822)
6 Spartina anglica-covered salt marsh 41,160e52,606 (50,392) 25e26 (25) 75e1974 (696) 2798e2798 (2798) 44,636e56,359 (53,910)
7 Spartina alterniflora-covered salt marsh 13,512e51,561 (34,275) 25e26 (25) 329e473 (416) 2798e2798 (2798) 16,686e54,848 (42,288)
Note: ESV_fs per ha indicated the unit value of ecosystem service value of food supply; ESV_RMper ha indicated the unit value of ecosystem service value of raw material
supply; ESV_DR per ha indicated the unit value of ecosystem service value of disturbance regulation; ESV_PC per ha indicated the unit value of ecosystem service value of
pollution control; ESV_TOTAL per ha indicated the total unit value of agriculture-related ecosystem service value.
Fig. 5. The spatial differences of ecosystem service value per ha for various coastal wetland ecosystems.
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In this study, Table 6 showed differences in deliveringmean unit
value of ecosystem service ranked in descending order as follows:
Permanent shallow marine waters (US$ 68,540 ha1 yr1) > Spar-
tina anglica-covered salt marsh (US$ 53,910 ha1 yr1) > Estuarine
waters (US$ 50,822 ha1 yr1) > Spartina alterniflora-covered salt
marsh (US$ 34,717 ha1 yr1) > Aquaculture ponds (US$
31,952 ha1 yr1)> Intertidal mud (US$ 6,215 ha1 yr1)> Salt pans
(US$ 465 ha1 yr1). Table 6 showed that the total unit value of
ecosystem service of permanent shallow marine waters and estu-
arine waters were estimated to be in the range of US$
27,659e114,274 ha1 yr1 and US$ 26,318e84,178 ha1 yr1
respectively, which were influenced by water depth, tidal prism,
primary production, water exchange ability, and self-purification
ability. Because of the relatively lower primary productivity in
intertidal mud than in spartina-covered salt marsh, the unit value
of pollution control service and food provision value in intertidal
mud are both relatively smaller than in spartina-covered salt marsh.
Fig. 5 showed the spatial differences of costal wetland ecosystem
service, based on which the compensation standard should not be
fixed and we can identify the coastal ecological infrastructure of
greatest ecological importance.
4.4. Limitations and future works
There are some limitations in this study. The ecosystem services
of food supply and raw material supply were calculated by using
production function approach, inwhich the price of product was an
important coefficient. This study focused on presenting modified
ecosystem service valuing models to help achieving categorized
management of coastal ecological infrastructures, and on trying to
integrating the ecosystem service valuing into ecological infra-
structure rather than on the setting different coefficients. Actually,
the price of production may vary with time, space and consumers'
surplus. The price of production may significantly decrease if there
are still enough coastal wetland ecosystems available which could
be protected or restored, whereas if this is not the case, and the
destroyed coastal wetland ecosystems are the last ones in China,
the authors may considerably underestimate the value of
ecosystem services.
5. Conclusions
The integration of ecosystem service concepts and valuing ap-
proaches into the assessment, management, planning, restoration,
and compensations of coastal ecological infrastructures is themajor
concern of this study. Two contributions of this study are as fol-
lows: one is the modified ecosystem service valuing models help
achieving categorized management of coastal ecological in-
frastructures, and another is integrating the ecosystem service es-
timate into assessment, management, planning, restoration, and
compensations of coastal ecological infrastructures. We applied
this framework to the case study of Lianyungang City, a rapidly
developing and agriculture-dominating coastal city in China. The
results showed that 32,346.61 ha of loss in coastal wetlands
resulted in US$ 806.41 million year1 loss in coastal agriculture-
related ecosystem service. The mean unit value of ecosystem ser-
vice ranked in descending order as follows: Permanent shallow
marine waters (US$ 68,540 ha1 yr1) > Spartina anglica-covered
salt marsh (US$ 53,910 ha1 yr1) > Estuarine waters (US$
50,822 ha1 yr1) > Spartina alterniflora-covered salt marsh (US$
34,717 ha1 yr1) > Aquaculture ponds (US$ 31,952 ha1 yr1) >
Intertidal mud (US$ 6,215 ha1 yr1) > Salt pans (US$
465 ha1 yr1). We also highlighted the finding of differences in
providing ecosystem services within the same eco-subtype but in
different places. Furthermore, this study provided with three policy
and planning implications, with applying the assessment results of
study to the management practice as follows: (1) We emphasized
integrating the total loss of ecosystem service discounted over an
infinite horizon as the cost into the decision-making of tradeoff
between development and conservation; (2) We argued that the
standard of once-off user fee should be adjusted by referring to the
loss estimate of coastal wetland ecosystem service; (3) It is in need
of incorporating the natural coastal wetland ecosystem into the
resilience adaption systems against extreme events; (4) We sug-
gested maintaining the quantity and quality of coastal ecological
infrastructure by reconstruction and compensation from the view
of ecosystem service balancing.
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